The ecology of infectious diseases in wild and managed salmon populations is reviewed. Few pathogens have caused significant disease epidemics in the wild, and although parasites of returning adults are best documented, diseases among parr (e.g., Gyrodactylus salaris) are probably most important. The greatest diversity of parasites is known from the marine phase but few are likely to be significant pathogens, although conclusive evidence is lacking because diseased salmon cannot be tracked. The importance of stress as an immunosuppressant of fishes in degraded habitats is discussed. In addition, releases and restocking have probably also reduced the genetic disease resistance of wild fishes. We note that myxozoans, furunculosis, G. salaris, and sea lice are the pathogens most likely to threaten wild and managed salmon stocks in future. Despite abundant research on pathogens of farmed salmon, little is known of their impact on wild or managed stocks and an adequate theoretical framework for salmon disease epidemiology is urgently needed before disease becomes a limiting factor in salmon conservation.
Salmon are one of the most intensively studied of teleosts, with records of epidemic disease in wild populations dating back to furunculosis outbreaks in the late 19th century (Emmerich and Weibel 1894) . Over the past 30 years many books have described the pathogens of farmed salmon (e.g., Post 1987; Bruno and Poppe 1996) . This review however has a different purpose: to synthesise current knowledge of the ecology and epidemiology of infectious disease in wild Atlantic salmon (Salmo salar) populations. We are particularly concerned to identify those diseases that could influence population dynamics and growth in natural environments. The ecological and genetic consequences of salmon diseases and the impact of human influences (both direct management and indirect environmental factors) will also be discussed. Finally we review the impact of salmon farming on disease in wild fishes and speculate on future potential disease problems in the natural environment.
This review is written from an ecological perspective, introducing epidemiological concepts (e.g., Anderson 1982; May 1978, 1979; Smith 1994; Grenfell and Dobson 1995) , which have been slow to spread to the study of aquatic diseases (e.g., Dobson and May 1986) . However, veterinarians, fishery managers, and ecologists differ significantly in their approach to infectious disease. For example, a paradigm of veterinary and human medicine has been that, for a particular disease, Koch's postulates can be satisfied (e.g., Hill 1965; Evans 1976) . In aquatic wild organisms, this may simply not be possible: the pathogenicity of infectious agents may be so great that infected fishes die and disappear before they can be detected. This does not mean that their disease potential should be ignored. Indeed, Hill's (1965) criteria cannot be met for either the spread of furunculosis (Johnsen and Jensen 1994) or for the current epidemic of Gyrodactylus salaris (Halvorsen and Hartvigsen 1989; Johnsen and Jensen 1992) , and in the latter case, this failure could arguably have contributed to the slow response of the Norwegian establishment to the emerging problem.
We have therefore followed a precautionary principle, considering as potential pathogens in the natural environment those organisms that can cause disease in salmonid aquaculture or under experimental conditions and those organisms which are closely related to, or have a similar life history to, known pathogens.
Very few pathogens have had significant impacts on wild salmon populations and the spread of disease from farm to the wild remains a rare phenomenon, despite the current extent of salmonid aquaculture. Historically, only furunculosis (Inglis et al. 1993 ), a few other bacterial infections, ulcerative dermal necrosis (UDN; Roberts 1993) , and Gyrodactylus salaris (Johnsen and Jensen 1991) have caused widespread conspicuous epidemics in wild populations. This does not necessarily mean that infectious disease is rare in natural populations (Kinne 1984; Munro et al. 1983; Lester 1984) . It is often very difficult to quantify the effect of a pathogen on host population dynamics. For example, the aquatic fungus Saprolegnia is common on spawning adult salmon and can kill fishes (Pickering and Willoughby 1982) . Nevertheless, it appears unable to infect healthy fishes, being a secondary pathogen exploiting weakened hosts. Similarly, when G. salaris was first described from Norwegian salmon (Johnsen 1978) , it was not recognized as a primary pathogen because of its co-occurrence with Saprolegnia. The complex etiology of diseases in the wild is especially well demonstrated by UDN. Originally described as salmon disease and noted for its impact in the late 19th century (Roberts 1993) , this disease then disappeared until the 1960s. The temporal and spatial spread of this disease (Roberts 1993) is strongly reminiscent of an infectious agent (Anderson 1982) ; however, despite intensive study, the causative agent remains unknown.
Individual and population effects of parasitism
All parasites utilize energy otherwise available for host growth, survival, and reproduction and are important determinants of animal community structures (Minchella and Scott 1991) . Many studies have shown sublethal effects on individual host survival, especially when it is advantageous to engineer the host's death to ensure transmission (see e.g., Lester 1977; Crowden and Broom 1980; Halvorsen and Andersen 1984; Milinski 1984; Rodger 1991; Bylund and Andersen 1994) . Detecting the effects of parasitism in wild host populations, can however be very difficult (Anderson and Gordon 1982) . To detect with confidence mortality due to selective predation of digenean-infected sticklebacks, Gordon and Rau (1982) sampled about 100 fishes per month; this would be quite impractical in most salmonid populations. Parasites and pathogens may therefore be overlooked as sources of mortality or sublethal morbidity, especially in juvenile fish populations (Gardiner and Geddes 1980; Clers 1993; Brabrand et al. 1994 ) from which dead and diseased individuals rapidly disappear. Disease is not thought to be important in salmonid population dynamics, except when conspicuous epidemics occur, and salmonid populations are instead regulated by density-dependent processes within the natal river (Elliott 1994; Elliott and Hurley 1998; Mills 1989 ). However, some evidence suggests that disease might regulate salmonid populations more generally. Clers (1993) , for example, showed by modeling that G. salaris, infecting parr, could limit salmon population growth, while Levy and Wood (1992) felt that the cyclic abundance of sockeye salmon could best be explained by a pathogen. The life history of Atlantic salmon would blur the effects of disease epidemics and make them harder to detect; however, this lack of evidence does not mean that diseases play no part in wild salmon population dynamics.
Even small effects of parasitism may be critical in the wild, as reduction of parr growth by only a few percent may defer smolting by an entire year (see Marschall et al. 1998) . The effect of a parasite on salmon reproductive rate might then be quite severe, although effects on population size and indeed the host itself may be undetectable. A further point to consider is the evolutionary cost of parasitism (Lehmann 1993; Grenfell and Dobson 1995) . The production of xenobiotic chemicals is selected against when parasitism is relaxed (Behnke 1990) suggesting that excessively resistant hosts have their growth rate reduced as resources are diverted inappropriately to the immune system. The complexity and polymorphism of the immune system suggests that it is indispensable for survival (Price 1985; Wassom et al. 1986; Chevassus and Dorson 1990; Bakke et al. 1990; Gjedrem et al. 1991) and argues for the importance of parasitism as a selective force in natural salmon populations.
populations remain uninfected. Aggregation may also be related to the relative susceptibility of hosts, which is usually genetically controlled (Chevassus and Dorson 1990; Wakelin 1994) , and at least as important as physiological and ecological factors in generating patchiness. Preliminary studies (Bakke et al. 1990; Bakke and MacKenzie 1993; Gjedrem et al. 1991) have shown genetic heterogeneity in disease resistance among salmon and other salmonids , but the importance of this phenomenon in the field has not been considered and should be investigated. Heterogeneity of resistance is a paradigm of G. salaris epidemiology, with Norwegian salmon considered susceptible while Baltic salmon are resistant (Mo 1994) . Our experimental studies have shown considerable heterogeneity between salmon stocks (see Figs. 2A, 2B) , also Norwegian stocks, as well as within single stocks (see Figs. 2A, 2B ) of both Norwegian and Baltic salmon. The figure demonstrates that both major stocks are susceptible to the Norwegian strain of G. salaris and acquire a response against the infection after the same time period, but with the Norwegian salmon most susceptible to parasite reproduction.
Stable versus unstable population dynamics
The microparasite-macroparasite demarcation profoundly affects the stability of host-pathogen interactions (Anderson and May 1979) . Dispersal away from the host and long, complex life cycles favour stability, with parasite populations often limited by density dependent processes such as competition (Anderson 1982) . Macroparasites, although sometimes causing conspicuous harm to heavily infected individuals, usually have negligible effects on wild host populations and often remain stable through time (e.g., Kennedy 1981; Amundsen et al. 1997) . In contrast, microparasites lack stability, their populations oscillating between virtually extinct and dangerously large with alarming rapidity. Populations of G. salaris, for example, can vary in size by several orders of magnitude over periods of a few weeks, while the host population remains constant (Jansen and Bakke 1993a, 1993b; Bakke et al. 1990 Bakke et al. , 1996 . Thus microparasites, which may be very difficult to detect, and which as individuals are negligible, are of overwhelmingly greater importance as pathogens, as potential regulators of host population size, and as selective agents.
Within salmon farms a number of macroparasites can be pathogenic (Bristow and Berland 1991a; Rodger 1991) . Fish lice are perhaps the best examples (cf. Boxshall and Defaye 1993; Heuch 1996) , illustrating that ultimately the microparasite-macroparasite distinction is artificial. Within sea pens dispersal does not take place efficiently, allowing reinfection. Low juvenile mortality greatly shortens parasite generation time and the population dynamics become increasingly unstable and resemble those of a microparasite.
Salmon life cycles and parasites
Different stages of the salmon life cycle are both spatially and temporally separated in lotic and lentic freshwater systems and in marine coastal and pelagic areas, overlapping minimally. This has a prominent effect on the ecology of salmon-pathogen interactions (Zschokke 1880; Heitz 1920; Dogiel and Petroshevskij 1935; Margolis 1982a Margolis , 1982b . Along a river system there are longitudinally restricted spawning redds; nonfeeding alevins (for which the oral route of infection is not available); fry, which disperse from the redd to individual territories and allow the early spread of infections through a riffle system; parr, which by their aggressive dominance behavior force the shoal to occupy larger and larger areas of the river, increasing opportunities for contraction and dissemination of disease; smoltifying parr, which undergo large physiological changes with consequences for their parasite burden; searunning smolt, which move pathogens between parr patches and eventually carry them to the mouth of rivers; seamigrating smolts, in which coastal parasites are aquired while freshwater parasites are lost; immature adults on the feeding grounds, able to ingest parasites in significant quantitities; returning adults, which disperse pathogens from the feeding grounds to the coastal areas; mature adults, which disperse pathogens upstream from the river mouth to the breeding sites; and kelts, which drifting seawards and heavily infected with opportunist pathogens may be particularly significant in the spread of disease . Dwarf males may be continually present and, being immunosuppressed (Pickering 1987 (Pickering , 1989 , may harbor a disproportionate total of the pathogens present in the population, while in landlocked salmon populations, only freshwater pathogens can survive. A literature survey of infectious agents reported from Atlantic salmon demonstrated a minimum of 225 species. Among those the digeneans and cestodes dominate the macroparasite groups, while bacteria and protoctistans dominate the microparasites (Table 1) .
Juvenile stages in freshwater
The life span of each stage varies dramatically. That of eggs in redds, alevins, and fry is short, only a few months in total. Few pathogens, with the exception of some viruses and the opportunist hyphomycete Saprolegnia sp., are sufficiently mobile to infect spatially separated redds. Some vertically transmitted bacteria can overcome this problem by colonizing eggs during, or shortly after, laying and may cause early life stage mortality (Sauter et al. 1987) . Lysozymes restrict the range of pathogens able to infect eggs, although some, for example Renibacterium salmoninarum (Yousif et al. 1994) , and possibly Piscirickettsia salmonis (Larenas et al. 1996) , can avoid neutralization by this defense mechanism.
Salmon parr have a variable lifespan, from 1 year in the south of the range (Nicieza et al. 1994) to 5 years in northern Norway and Canada. There may, therefore, be between 1 and 5 overlapping cohorts in a river, which greatly influences the possible dynamics of their pathogens. A parasite such as G. salaris might be expected to go extinct within small metapopulations of parr in the south of the host range, because of insufficient overlap between parr year-classes. Parr survivorship varies considerably with age (Rye et al. 1990; Clers 1994) . In brown trout (Salmo trutta), a parasite infecting newly hatched fry can be 80% certain that its host will die within 20 days (Fig. 3A, recalculated from Elliott 1989a from Elliott , 1989b from Elliott , 1994 and must possess transmission and survival strategies to cope with this eventuality. Infection of 3-month-old parr, however (Fig. 3 B) , gives a 70% chance that the host can be exploited for 3 months or more. This agerelated difference is less dramatic for salmon (Figs. 3C, 3D ; data recalculated from Mills 1989), possibly because detailed studies comparable to Elliott's (1989a Elliott's ( , 1989b Elliott's ( , 1994 studies of trout are not available. The basic reproductive rate, R 0 , of a pathogen (Anderson 1982) infecting fry may need to be at least 20-100 to compensate for propagules infecting hosts which accidentally die of other causes. On the other hand, if infection is delayed the parr may already be unsuitable because of a preexisting infection. This trade-off, and its practical consequence when rivers are restocked, is poorly understood for any salmon pathogen.
The marine phase
Little is known about disease among marine salmon and the parasites/pathogens known from wild marine fishes are those larger macroparasites which probably cause least harm (e.g., Shulman and Shulman-Albova 1953; Polyanskii 1955; Pippy 1969a Pippy , 1969b Pippy , 1980 Hicks and Threlfall 1973; Bristow and Berland 1991b; Holst et al. 1993; Mitenev 1993; Bristow et al. 1996) . This reflects the more diverse environment, which juvenile salmon pass through on their way to the marine feeding grounds, offering opportunities for infection by parasites with complex multihost life cycles. It is also because the more virulent marine microparasites, if they exist, kill their hosts without trace. Sea pen culture has greatly increased our knowledge of marine pathogens, particularly revealing a diverse microparasite fauna. Viruses such as (ISA), known from ranched salmon in Norway (Thorud and Djupvik 1988) , Nova Scotia (B. Dannevig, National Veterinary Institute, Oslo, personal communication) and most recently from Scotland, may occur naturally, but are sufficiently pathogenic to restrict transmission. Epidemics of ISA or other viral diseases among wild marine salmon are probably rare, because the density of salmon at sea is so low. However, this disease and others might impose an additional unseen mortality on smolts as they begin the marine phase (Uno 1990; . Olsen et al. (1997) describe rickettsial disease in smolts occurring only after seawater exposure in farms along the west coast of Norway; this may be a common pathogen of this life history stage but is only detected in net pens because of the difficulties of sampling migrating wild smolts. A similar situation may occur with the unidentified myxozoan associated with encephalitis of net pen reared salmon in Ireland (Frasca et al. 1998) . Nothing is known of pathogens causing epidemic disease in wild marine salmon, but the fungus Ichthyophonus hoferi is almost ubiquitous among wild marine fishes and can cause major epidemics (Sindermann 1970; Møller and Anders 1986) . At least one microparasite infecting marine salmon is therefore potentially capable of limiting host population size. The development of molecular (Mooney et al. 1995) and immunochemical probes will be very useful in determining the spectrum of pathogens to which marine fishes have been exposed.
In this section we present an outline of the systematic groups to which salmon pathogens belong and identify aspects of their ecology which are of particular interest.
Viruses
Many viruses infect salmon within aquaculture facilities; viral infections of wild salmon are far harder to identify and to our knowledge there have been no reports of disease epidemics due to viruses in wild salmon populations. Viruses obviously exist within wild salmon populations, their frequency within aquaculture units reflects the importance of fish farms in sampling and amplifying pathogens in the natural environment. ISA, for example, presumably exists within the natural salmon population at low intensity but is not found because infected wild fishes die and disappear. Because salmon aquaculture is a relatively young industry, Figs. 3A, 3B. Influence of host age on probability of successful completion of pathogen life cycle. (A) Probability of 20-day-old trout fry surviving for specified further periods following infection, to allow completion of the life cycle. (B) Probability of 40-day-old fry surviving for specified further periods following infection. Calculated from survival data for Salmo trutta in Black Brows Brook presented by Elliott (1989 Elliott ( , 1994 . Figure assumes that parasite does not adversely affect survival of fry.
Group
Number of species 
Total number 225
Note: Undetermined species are frequently reported but counted as one only if it represents the single record of a particular genus. The figures represent minimum numbers based on a literature survey. Table 1 . The total number of species of infectious agents reported from wild and domesticated (ranched/hatchery) Atlantic salmon in both marine and freshwater habitats. new viral infections frequently appear and continue to be identified, including for example the togavirus reponsible for pancreas disease (Nelson et al. 1995; McLoughlin et al. 1996 McLoughlin et al. , 1998 . There is however no evidence for transfer of viral infections from farm to wild salmon populations, although viruses such as infectious pancreatic necrosis (IPN) may be frequently isolated from escaped salmonids (Bucke 1993) . Endemic viruses may have considerable impact on young fishes (fry and parr) but have not been looked for in studies of wild salmon population dynamics. The introduction of molecular and immunological probes, allowing the disease history of individual fishes to be recreated in the absence of obvious symptoms, will help greatly in understanding the pattern of microparasitic pathogens to which salmon are exposed.
Bacteria
Salmon are susceptible to numerous bacterial diseases, some of which have been studied intensively (Austin and Austin 1987; Inglis et al. 1993 ). In the wild, disease epidemics have been caused by several bacteria, including Renibacterium salmoninarum, which caused epidemic bacterial kidney disease (BKD) in the Aberdeenshire Dee in the 1930s (Smith 1964) . BKD is a serious and fatal systemic infection of both farmed and wild salmonids (Bruno 1986; Bruno and Poppe 1996) but knowledge of its etiology is nevertheless fragmentary. The bacterium may be a normal member of the gut flora (Austin and Austin 1987), which at times of stress migrates to the kidney and causes overt disease. Bucke (1993) was unable to isolate R. salmoninarum from over 3000 wild salmonids in Britain, although full details of the sampling regime used were not given. Of the numerous other bacteria known from salmon, only furunculosis is a serious pathogen of wild fishes. Although bacteria such as Vibrio species (V. anguillarum and Hitra disease, V. salmonicida), Yersinia ruckeri (responsible for enteric redmouth), and Flexibacter species (e.g., F. columnaris, responsible for columnaris disease) are well known from farm situations, there appear to be no records of outbreaks of these diseases in wild salmon. This may be because their pathogenicity is so great that infected fishes die before they can be sampled, or, perhaps more likely, because there are no transmission cycles between farmed and wild fishes.
Furunculosis
Furunculosis, caused by Aeromonas salmonicida, is one of the best known and most important diseases of salmonids and has been extensively reviewed (Austin and Austin 1987; Inglis et al. 1993; Johnsen and Jensen 1994) . The pathogen was first detected in Europe (Emmerich and Weibel 1894) and North America at the end of the 19th century, causing epidemics in wild trout. The British epidemic within wild trout and salmon at the start of the 20th century was particularly well documented (Masterman and Arkwright 1911; Lund 1967; Austin and Austin 1987) . It began in the southwest peninsula in 1911, spreading steadily north and eastwards to reach the important Scottish salmon rivers by the late 1920s. A similar pattern was observed in Norway following introduction from Denmark in 1964 (Lunder and Håstein 1990) . In this case, the pathogen was eventually exterminated in 1969 (Håstein 1989) . In both cases, the pattern of spread was characteristic of an introduced pathogen, eventually slowing down and losing pathogenicity as the bacterium became endemic.
A second phase began with epidemics in farmed marine salmon from the mid-1980s onwards. The marine form of A. salmonicida originated in Scotland, spreading to Norway in 1985 (Egidius 1987; figs. 5, 6) , and since then it has become entrenched in marine farms ). Furunculosis spread from coastal fish farms with the numerous escapes and wild fish in 74 rivers had been infected by the end of 1992 (Johnsen and Jensen 1994) . The taxonomy of A. salmonicida is controversial (Austin and Austin 1987) and relationships between marine and freshwater strains are not clear. It is interesting that observations in the early part of the century suggested that this pathogen could not colonize salmon in seawater. Thus, 1339 smolts collected from British estuaries in the 1930s were all uninfected (cited in Austin and Austin 1987).
Several ecological factors provoke concern for the potential impact of furunculosis spreading from farms to wild salmonids. Nese and Enger (1993) recovered viable A. salmonicida from salmon lice collected from within net pens and Costelloe et al. (1998) have recorded L. salmonis larvae derived from farmed salmon dispersing within an estuary. It would therefore be theoretically possible for A. salmonicida to transfer to migrating smolts or returning adults passing through estuaries. Smolt infected in this way would be almost impossible to track, while adults migrating upstream could pass furunculosis on to immature salmon in their nursery rivers. Escaped farmed salmon may also be a significant source of furunculosis infections in natural salmon populations (Johnsen and Jensen 1994) . Aeromonas salmonicida can also infect other fish species, including cleaner wrasse (Austin and Austin 1987), coalfish, cod, and turbot (Willumsen 1990; Hjeltnes et al. 1995) , although infections are short-lived and nonpathogenic (Hjeltnes et al. 1995) . Additional studies using techniques such as PCR capable of detecting very small A. salmonicida populations should be urgently applied to determine the status of this pathogen on salmon and sea trout transiently residing in estuaries (McArdle et al. 1993; Mooney et al. 1995) .
A most worrying aspect of A. salmonicida is its propensity to transfer plasmids conferring drug resistance between strains (Austin and Austin 1987). Sakai (1987) has noted exchange of protease genes between pathogenic and nonpathogenic strains, under circumstances similar to those occurring in river sediments. Since protease phenotype is an important determinant of virulence in A. salmonicida, this is clearly a potential source of new, genetically and ecologically distinct strains of the pathogen which could possibly infect wild salmon populations.
Protoctista
Many of the approximately 2420 species of fish-infecting protoctistans are serious pathogens (Lom and Dykova 1992) . Some cause significant mortalities of salmon, while others are not primary pathogens or do not significantly affect the fish. None are known to be problems in wild salmon populations, although several species could become pathogens.
Myxozoa
Myxozoans are well known for their distinctive propagules which are found within the fish's tissues, often in conspicuous cysts. Seven species infect Atlantic salmon.
Proliferative kidney disease (PKD), which affects most farmed freshwater salmonids, including S. salar (Ellis et al. 1985; Lom and Dykova 1992; Hedrick et al. 1993) , is caused by an unidentified myxozoan usually referred to as "PKX." This pathogen has, in retrospect, been known for 75 years but was only recognized in the 1980s. The similarity between the observed sporogonic stages of PKX and corresponding stages in Sphaerospora species has been stressed and various Sphaerospora spp. infecting teleosts such as sticklebacks (Feist 1988; Lom and Dykova 1992) have been identified with the causative agent of PKD. Although Kent et al. (1993 Kent et al. ( , 1994 implicated Sphaerospora oncorhynchi, a parasite of mature sockeye salmon in northwest North America, as the PKX organism, Marin de Mateo et al. (1996) have cautioned against accepting this hypothesis uncritically and the most recent molecular study (Kent et al. 1998) has suggested that PKX is not closely related to Sphaerospora.
The complex life cycle of myxozoans, which may involve a tubificid intermediate host, makes them unlikely to sustain persistent disease epidemics in the wild although infections from farmed to wild fishes may be possible. The epidemiology of marine myxozoans such as Kudoa (Harrell and Scott 1985; Whitaker and Kent 1991) and Chloromyxum (Wootten and Smith 1980; Holst et al. 1993; Bristow et al. 1996) species is so poorly understood that their effect on salmon survival or fitness is entirely unknown.
Other protoctistans
A range of protoctistans infect the outer surface of juvenile salmonids. Ichthyophthirius multifiliis, a highly pathogenic ciliate, causes greater economic losses worldwide than any other freshwater fish parasite (Cross 1994) . This parasite has been recorded from salmon in freshwater hatcheries (Hare and Frantsi 1974; Wootten and Smith 1980; Valtonen and Keränen 1981) , where its importance cannot be doubted; its role in wild salmon (Margolis and Arthur 1979) populations is less clear.
The other ciliophorans (e.g., Capriniana, Chilodonella, Epistylis, Scyphidia, Trichodina, and Trichophrya) are surface-dwelling opportunists, which are ubiquitous in freshwater and may form important components of the skinsurface community. Some may be pathogenic and trichodinids have been associated with the death of kelts (Khan 1991) . The mastigophoran, Ichthyobodo necator, has a similar ecology and is well known as a source of mortality in hatcheries. The role of these organisms in juvenile salmonid populations is unknown, but pathogenicity probably depends on unknown factors controlling the precise composition of the ectoparasitic community (Pickering and Richards 1980) . Flagellate species of the genus Hexamita cause significant disease problems in a range of fish species, including salmonids (Kent et al. 1992) , and under subarctic conditions in Northern Norway a related flagellate, Spironucleus barkhanus (see Poppe et al. 1992 ; Poppe and Mo 1993; Sterud et al. 1997; Sterud 1998) , has caused losses among net pen reared salmon. This eurythermic species was originally described from wild grayling (Thymallus thymallus) from freshwater river systems in southeastern Norway (Sterud 1998) . Other strains infect anadromous Arctic char (Salvelinus alpinus) asymptomatically. Infection of Atlantic salmon is believed to have occurred either as juveniles in freshwater or through transmission in the sea from Arctic char. Uneaten surplus food often attracts wild fishes to fish farms, increasing the probability of disease transfer between the wild and farmed fishes ). Spironucleosis has not been reported since 1992 and there is a general lack of knowledge of the factors triggering spironucleid and hexamitid epidemics.
Other unusual protoctistans occur in aquaculture, for example Paramoeba sp., attached to the gills of farmed salmon in Tasmania (Roubal et al. 1989) . Such infections are probably due to unnatural juxtapositions of pathogen and host when fishes are translocated outside their normal range, rather than being a normal feature of the host biology. Caged marine salmon may similarly be killed by algal blooms (Dahl et al. 1982; Jones et al. 1982; Bruno et al. 1989; Kent et al. 1995) . However, although algae could settle on the gills of smolts or adult salmon moving through coastal waters, their high rate of movement probably prevents morbidity and the problem can be viewed as one of captivity.
Fungi
A range of fungi have been collected from Atlantic salmon but their impact in wild populations is poorly understood and probably small. The best known is the oomycete Saprolegnia sp, frequently recorded from adults and kelts, in association with other pathogens (Johnsen 1978; Roberts 1993) , although it can initiate primary infections (Bruno and Stamps 1987) . This fungus is also well known for its effects on eggs and immature salmonids in culture (Pickering and Willoughby 1982) . It may preferentially infect stressed and hence immunosuppressed (see section 7.3) salmonids (Neish 1977) . As an egg pathogen, Saprolegnia is also generally a secondary opportunist infecting moribund eggs and Austin and Austin (1987) record infections in the presence of preexisting Aeromonas salmonicida.
Several fungi of the genera Phialophora and Exophialia also infect salmon; however, only Ichthyophonus hoferi is a significant pathogen of farmed salmon (McVicar 1977) and has a major impact on marine fish populations (principally herring) in the northwest Atlantic (Sindermann 1970; Møller and Anders 1986) . There is no evidence that this fungus has a significant impact on marine salmon stocks, but further investigations on this point would be worthwhile.
Monogenea
Salmon are infected by one monogenean with the typical life cycle in which eggs are released into the environment to hatch to a swimming larva. This is the gill parasite Discocotyle sagittata. Although potentially pathogenic (see Gannicott and Tinsley 1997) , there is no evidence that this parasite causes problems to either wild or farmed salmon.
One monogenean genus, Gyrodactylus, has an aberrant life cycle, retaining embryos in utero until fully grown and already containing a developing embryo. This microparasitic life cycle, with very rapid reproduction in situ upon the host, has resulted in some gyrodactylids being serious pathogens. Salmon are infected by several species, including Gyrodactylus derjavini (Mo 1993) , G. salmonis, G. colemanensis, and G. nerkae in Canada (Cone and Cusack 1988; Cone et al. 1983 Cone et al. , 1988 Malmberg 1993) , G. caledoniensis in Scotland (Shinn et al. 1995) , G. truttae in the Czech Republic (Ergens 1983) , and G. masu in Japan (Ogawa 1986 ), all of which are nonpathogenic. In the Baltic Basin, salmon are infected by G. salaris, which in Finland is nonpathogenic (Bakke et al. 1990; Rintamaki-Kinnunen and Valtonen 1996) . In Norway, however, and in some rivers of the Swedish west coast and the Russan White Sea coast, G. salaris is a serious pathogen of wild salmon parr and has been blamed for the significant decline in the fishery (Johnsen and Jensen 1991; Mo 1994 , but see also Halvorsen and Hartvigsen 1989) . Salmon are also infected by a marine gyrodactylid, Gyrodactyloides bychowskyi (Mo and Mackenzie 1991; Bristow et al. 1996) , which as far as is known, is nonpathogenic.
Intestinal helminths
These comprise the Digenea and Cestoda (both Platyhelminthes), the Nematoda, and the Acanthocephala. All have complex life cycles involving at least one, and usually several, intermediate hosts which are links in the food web of the salmon (Køie 1993) . This complexity, and the need to coordinate with at least two hosts, means low transmission rates (Kennedy 1985) ; epidemics rarely occur. Because of the short summers at high latitudes, many helminths become entrained to seasonal patterns of infection (Chubb 1977 (Chubb , 1979 (Chubb , 1980 (Chubb , 1982 . Although the individual host may carry an impressive burden of large helminths, the impact on the host population remains small (Halvorsen and Andersen 1984) . Some helminths do raise concerns for wild salmon populations (Hoole 1994) ; the tapeworm Eubothrium crassum has sublethal effects on the salmon in sea pens (Bristow and Berland 1991a) and is moderately common in wild salmonids (Kennedy 1978; Andersen and Kennedy 1983; Bristow and Berland 1989) and the nematode may also be pathogenic in freshwater (Larsen & Lund 1997 ) and may infect fry in large numbers Burt 1975a, 1975b) . These helminth groups are the most species-rich yet to be considered.
Extraintestinal helminths
Atlantic salmon is also host to species living extraintestinally including exotic marine species such as Hepatoxylon squali. The final host of this tapeworm is the shark, the salmon being an intermediate host which must be eaten for completion of the life cycle. Among the nematodes, the air bladder nematode Cystidicola farionis may be pathogenic in freshwater (Knudsen and Klemetsen 1994; Chappell and Owen 1969) and Anisakis may have public health significance, as infections of humans can result from consumption of under cooked salmon (Berland and Fagerholm 1994) . As this pathogen is associated with pelagic existence (Smith and Wootton 1978) , this is peculiarly a risk associated with wild salmon caught during or after their sojourn at sea.
Over 40 species of digenean infect salmon and one is suggested to cause an effect upon the hosts' migratory behavior. The adult digenean Phyllodistomum umblae in the ureters of Arctic char and other salmonids may suppress anadromous migration (Nordeng 1983) , although this hypothesis has been criticized by Bakke and Bailey (1987) . One important digenean group in freshwater, are the eye flukes in the genera Diplostomum and Tylodelphus. The metacercariae stages of these flukes may blind the infected fish, making it vulnerable to predation, and are important in trout farms (Chappell et al., 1994) . They are also important in natural nonsalmonid populations (Lester 1977; Kennedy 1981) , and, where especially bird predation is a problem they might be expected to have significant effects upon salmon parr survival.
Crustacea
Sea lice (Lepeophtheirus salmonis and Caligus elongatus) represent one of the greatest threats to the salmon marine ranching industry, with the possibility that they may become major pathogens of wild salmonids also. Although known to be occasionally pathogenic (White 1940) , sea lice have generally been regarded as relatively harmless in wild populations. However, their importance within sea pens has been increasing since the mid-1960s (Pike 1989) , while reports of disease outbreaks in wild salmonids have also increased (Johnson et al. 1996; Grimnes et al. 1996; Birkeland 1996) . Sea lice are epithelial browsers (Boxshall 1974; Pike 1989 ) and do little damage to this constantly renewed tissue in light infections. Within sea pens however, heavy infections build up, with significant erosion of the epidermis, especially around the head (Jonsdottir et al. 1992) . Death then follows, from osmotic shock or secondary infections. In heavy infections of wild fishes, death results from the same epidermal erosion (Grimnes et al. 1996; ) and both Calderwood (1905) and White (1940) noted the white head of infected fishes, as skin sloughs off leaving unpigmented tissue. In wild fishes the disease is associated with delays within river mouths (Calderwood 1905; White 1940; Johnson et al. 1996) , waiting for water levels to rise, and there seems little doubt that sea louse transmission takes place most efficiently in warm shallow coastal waters (Johnson et al. 1996) , although these parasites also survive in the open sea (Nagasawa et al. 1993) . It is particularly unfortunate, therefore, that the estuarine environment is also that used for salmon ranching, with release of enormous numbers of sea louse larvae into the environment. recorded naupliar populations of up to 40 million in some Irish embayments and Costelloe et al. (1996 Costelloe et al. ( , 1998 ) noted significant densities of nauplii (up to 5 m -3 ) downstream of salmon farms. It remains controversial whether sea lice from farmed salmon have a significant effect on wild salmonid populations. In Ireland, the decline in sea trout (Salmo trutta) populations from 1989 has been attributed to sea lice and is associated with early return to freshwater of post-smolts . Although the death of individual wild sea trout due to salmon lice cannot be doubted, the overall impact of this parasite and its involvement in the stock decline has been questioned (Anonymous 1991; Sharp et al. 1994 ). In particular, Sharp et al. (1994) argue that the stock decline began before sea louse populations had peaked and that the decline in stocks also occurred in Scotland although sea lice were not a problem. It was noted earlier (section 2) that it was usually difficult to detect significant parasite-induced host mortality at the population level because of the large samples needed. Such samples are available for sea louse infections and it is strange that the methods of Anderson and Gordon (1982) have not been used to resolve the importance of sea lice in the decline of the Irish sea trout fishery. Taylor's Power Law (Taylor 1961; Anderson and Gordon 1982) , which predicts a consistent relationship between mean intensity of infection and variance for any given species, shows a different relationship for Scottish and Irish sea trout infected with Lepeophtheirus salmonis (data recalculated from Sharp et al. 1994 ). On Scottish fishes, mean intensity of infection is low and the gradient of the relationship between log 10 mean and log 10 variance is close to 2 (Fig. 4) . For Irish fish, however, mean intensity of infection was somewhat higher and the slope of the relationship between log 10 mean and log 10 variance was close to 1. This lower value in Irish fishes suggests that their L. salmonis populations are less aggregated at high population densities. Anderson and Gordon (1982) list parasite mortality, densitydependent processes (e.g., reductions in parasite fecundity), and parasite-induced host mortality as reducing aggregation. The relatively low aggregation of L. salmonis on Irish sea trout may therefore suggest an impact on host mortality at the population level and it is clear that different population processes are affecting this parasite in the two areas. While Sharp et al. (1994) are justified in their claim that sea lice do not affect host mortality in Scotland, there can be no justification for the claim that similar processes are at work in Ireland. The relatively low correlation between log mean and log variance in Tully et al.'s (1993) data suggests that a number of disparate processes are occurring in different sampling sites and that further analysis should be undertaken. In particular, it would be interesting to analyze changes in variance:mean ratio within a single cohort through time (Anderson and Gordon 1982) as a sensitive indicator of parasite-induced host mortality. No comparable studies for sea lice on wild salmon exist, although Berland (1993) noted a sharp rise in infection levels between 1988 and 1992. Many published accounts provide only the range of parasite burdens encountered; this limits their value, as no objective measure of the distribution of parasites within the host population can be gained without estimates of both mean and variance. Another problem concerns methods of sampling. If sea lice do influence returning behavior, then sampling regime becomes critical. This has been shown to be the case for sea trout in Norway, where the prematurely returning post-smolts carry significantly larger infections than older migrants (Birkeland 1996) . The work of Sharp et al. (1994) , however, grouped both pre-smolts and older fishes within the same samples, while concentrated on pre-smolts. Most studies concentrate on returning fishes and sea trout are likely to be predisposed to sea louse mortalities because they do not migrate far off shore. For salmon the most interesting age group to study, where mortality is most likely to be significant, is the group of smolts passing out through the estuary and not returning. These are a much more difficult group of fishes to sample and as yet no accounts of their sea louse infections have been published.
Salmonid immune system
Salmonids have the same sophisticated inducible immune system of other vertebrates (Woo 1992) , producing antibodies (Wilson and Warr 1992; Secombes 1994) and having a well developed cellular response (Secombes and Fletcher 1992; Secombes 1994) . Nonspecific, humoral responses, including complement, lysozyme, and nonspecific haemolysins (Alexander and Ingram 1992; Sakai 1992) are also well developed and may be a particularly important (Sakai 1992) first line of defense for wild fishes, especially when low temperatures delay antibody synthesis. The complement system may be activated via specific antibodies (the classical pathway) or, in early infections, via complex carbohydrates on the pathogen surface (the alternative pathway). The latter, being antibody independent, can initiate defenses immediately upon invasion. Complement is involved in determining the susceptibility of brook trout to the blood pathogen, Cryptobia salmositica (Forward and Woo 1996) , and we have found G. salaris highly susceptible to salmon complement via the alternative pathway (Harris et al. 1998) . Furthermore, variation in serum complement activity has been shown to be a useful marker of disease resistance in selective breeding programmes (Røed et al.1992; Hollebecq et al. 1995) . Sharp et al. (1994) and on the occurrence of Lepeophtheirus salmonis on Scottish (᭹) and Irish (∆) sea trout, respectively. The lower value in Irish fishes suggests that their fish lice populations are less aggregated at high population densities, which indicates an impact on host mortality at the population level. Different population processes are affecting L. salmonis in the two areas.
Age and the immune response
The immune system of newly hatched fry matures rapidly over the first few months of life (Ellis 1977; Manning and Mughal 1985; Tatner 1986; Zapata et al. 1997) . It is not clear whether alevins can mount a specific immune response; parr can certainly do so and are routinely immunized against a variety of pathogens in aquaculture (Lillehaug 1997) . Smolts (Maule et al. 1987; Muona and Soivio 1992) and spawning adults and kelts Christie 1980, 1981; Pickering 1989 ) may be immunosuppressed as a result of hormonal changes. Precocious dwarf males may also be immunosuppressed and may therefore be important carriers of disease.
The response to different pathogens may vary throughout life. Furunculosis, for example, although still dangerous, appears much less pathogenic to parr and smolt than to adult fishes (Austin and Austin 1987). An additional protective effect is due to herd immunity in very young fishes. An infectious disease introduced into an alevin population may kill many fishes and induce immunity in the remainder but many fishes will also die of unrelated causes and the reproductive output of the pathogen will be limited because of the poor life expectancy of the host (section 3.2). If the same pathogen is introduced into a parr population, on the other hand, the reproductive output will be much greater because of the longer life span of the host. This may have exacerbated the G. salaris epidemic in Norway where the response to largescale parr mortality was to restock with naive parr.
Stress and disease
Stress raises blood cortisol concentrations (Pickering 1987; Barton and Iwama 1991) , reducing immunocompetence and predisposing salmonids to disease (Pickering and Duston 1983; Pickering 1989; Pickering and Pottinger 1989) . Sex hormones can also immunosuppress (Pickering and Christie 1980) . Stress may therefore immunosuppress asymptomatic carrier hosts, allowing pathogens to multiply and kill the host (Sindermann 1983) . The source of this stress is unimportant. Poorly fed fishes are also immunosuppressed (Blazer 1992) and fishes which are low in the dominance hierarchy are likely to be more susceptible to disease. Stock supplementation may therefore not substantially increase the number of smolts migrating to sea, but may provide stressed parr to act as a reservoir of infection and a potential focus for epidemic disease. It is noticeable that UDN (Roberts 1993) , furunculosis (Lund 1967) , and G. salaris (Halvorsen and Hartvigsen 1989) have all been most important when natural stock densities have been very high. Although density dependence in regulation of population size in juvenile salmonids is well documented (Elliott 1989a (Elliott , 1989b (Elliott , 1994 , the role of epidemic and endemic disease in generating this phenomenon has not been investigated.
Within Europe, little of the range of the Atlantic salmon remains unmodified by man. Salmon have disappeared from much of their historical range and in many rivers can only breed with human intervention. Many populations are exposed to pollution or low and managed water flows. The influence of these factors on parasites and pathogens is particularly difficult to predict. In general, practices such as damming, by slowing river flow and allowing the development of shallow water habitats with emergent macrophytes, would increase habitat stability and complexity, allowing colonization by a wider range of invertebrates, which can act as intermediate hosts for parasites. Eutrophication may simplify invertebrate communities, reducing the range of potential intermediate hosts but also favoring organisms such as Asellus and tubificid oligochaetes, which may be important intermediate hosts (Khan and Thulin 1991) . Periodic catastrophes, including drought-spate, episodic acidification, or even the deliberate rotenone treatment of rivers to eliminate G. salaris, probably have significant, but poorly studied effects on the salmon parasite fauna. A loss of parasites, particularly those with complex life cycles and fastidious ecological requirements, might be predicted. However, reductions in predatory invertebrates could increase the probability of survival of infective parasite larvae, while too little is known of the immunological and competitive interactions between parasites to predict the consequences for the salmonid population of eliminating a single species from the parasite community. The experiences of using rotenone to control G. salaris in Norway are instructive in this regard. The parasite was eliminated from fish farms in the early 1990s but continues to persist in many rivers. Episodic rotenone treatment has been employed to eradicate all salmon and hence G. salaris from individual rivers. All aerobically respiring invertebrates (most of the insect larvae) are also eliminated, along with all other fishes in addition to the salmonids. Salmonids then recolonize from the sea and by restocking, while invertebrates recolonize by drift from untreated upstream sources. Although recolonization occurs quickly, G. salaris has either not been exterminated or has recolonized very quickly three rotenone treated rivers. As far as the authors are aware no environmental impact assessments of the rotenone treatment have ever been published and data are not available to confirm the assertion that the post-rotenone invertebrate fauna is indistinguishable from that before treatment. The range of parasites infecting salmon parr before and after rotenone treatment has also not been compared.
A final nonspecific effect is the slow rise in river temperatures following global warming (Dobson and Carper 1992) . Again, the effects on parasite fauna and disease of wild salmonids are impossible to predict. However, low environmental temperatures are immunosuppressive for ectothermic vertebrates, such as teleosts (Bly and Clem 1992) , and higher temperatures may lead to enhanced immune responses but thermal stress and low water levels may immunosuppress (see section 7.3). The age at smoltification may be reduced, leading to changes in the age structure of salmonid populations, which will impact upon their disease profile but the longer transmission period may increase disease. It is too early to speculate on the consequences of these changes on salmon parasites; however, we must consider wild salmon as a highly managed resource throughout most of its range and consideration of patterns of disease should form part of the management strategy employed to conserve these stocks.
Pollution, stress, and the immune response
In recent years, interest in the interactions between the immune system, disease resistance, pollution, and stress has intensified (Ellis 1981; Bly et al. 1997 ). The pollution response is largely only a specific case of stress-induced immunosuppression (section 7.3). Stress affects wild fishes more than domesticated strains (Woodward and Strange 1987) and fish diseases are more common in polluted environments (Møller 1985) . The interactions of parasites with pollutants are complex and sometimes synergistic (Møller 1986 ). Such interactions have been largely neglected and field studies linking parasites on salmon with river pollution, comparable with Pippy and Hare's (1969) microbiological investigations, are lacking.
Specific effects of pollutants do also occur. The organophosphates dichlorvos and trichlorfon, widely used in sea louse control, have adverse effects on immune function (Dunier and Siwicki 1993) . In general, however, these specific effects remain secondary to the overall immunosuppression induced by the pollutant as a stressor. Similar comments would apply to the observed effects of polychlorinated biphenyls (PCBs) on B-cell function in salmonids (Arkoosh et al. 1994) .
In some cases pollution may actually improve fish health when the parasite proves more susceptible than the host. Gyrodactylus salaris is particularly sensitive to aluminium in acidified water (Soleng et al. 1996) and this may offset harmful effects of aluminium to the host. Overall, parasites are an important factor in the complex interactions between fish, environment, and man, which can result in disease and mortalities.
Translocation and introductions of parasites
There is a clear link between introductions and disease, although few introduced pathogens are economically or ecologically important (Kennedy 1994). Two barriers naturally restrict the interchange of salmon parasites in the wild, the osmoti-physiological stress of the fresh-salt-freshwater migration and the homing response which returns spawning salmon to their natal river. These have been highly effective in restricting the dispersal of salmon parasites but have however been broken down by man's movements of salmon stocks (Hoffman 1970; Bauer and Hoffman 1975; Hudson and Hill 1993; Holcik 1991) . Translocations have been significant at a number of levels. Locally, the movements of fishes between watersheds by anglers have been significant. In Norway, the watershed of west-flowing rivers inhabited by Atlantic race salmon is separated in some areas by only a few kilometres from watersheds of easterly flowing rivers inhabited by Baltic race salmon and there are fears that G. salaris could be spread between these rivers by anglers during the course of a day's fishing (Halvorsen and Hartvigsen 1989; Mo 1994) . Additionally, farmed rainbow trout infected with G. salaris (which is nonpathogenic to this salmonid, see Bakke et al. 1991) in northern Finland (where G. salaris is not a problem) occur only a few kilometres from Norwegian rivers where the introduction of this pathogen into natural salmon populations would be disastrous.
A second level at which translocations take place is with escapees from farms. Estimations of escapes from Norwegian salmon farms run into millions and these fishes, which are less faithful to their natal river and enter later than wild salmon (Økland et al. 1991; Heggberget et al. 1993) , are thought to have contributed significantly to the spread of furunculosis (Johnsen and Jensen 1994) .
The third, potentially most significant risk of pathogen dispersal has been with large-scale movements of salmonids as part of the international trade in these organisms. This began during the 19th century, with large-scale shipments of salmonid juveniles in both directions across the Atlantic and within Europe. The original epidemic spread of furunculosis in both Europe and America at this time and particularly in the British Isles (Lund 1967 ) is strongly suggestive of an introduced pathogen. Furunculosis was reintroduced into Norway in this way (Egidius 1987) . It should be noted that far fewer risks are associated with the transfer of ova (see section 3.2), which are the preferred form of transfer in modern aquaculture.
There is a very real danger that conservation and stock management arguments for exclusion of infectious diseases can lose out to the political and economic case for free world trade in salmonids and salmonid products. The complexity of this issue is perfectly illustrated by G. salaris. There is a ban on the export of live salmon from Norway to prevent dissemination. However, the parasite is not pathogenic in Finland, where it predominantly infects rainbow trout. This fish can be moved within the European Community and G. salaris has consequently been introduced into the White Sea coast of Russia from Finland (Mo 1994 ) and has been recorded from rainbow trout in Germany, Spain, Denmark, and Portugal (Malmberg 1993) . These latter countries have no trade in salmon or reason to be especially vigilant against G. salaris but every reason to oppose attempts to restrict trade in rainbow trout. The introduction of G. salaris into Spain is worrying, given the small number of ecologically sensitive Atlantic salmon populations in that country and the presence of G. salaris in all German rainbow trout farms (Lux 1990 ) may have implications for attempts to reintroduce salmon into the Rhine. Despite vigilance, G. salaris will almost certainly eventually invade the U.K., probably with rainbow trout imported from a country far distant from Scandinavia. Fortunately, most parasite introductions fail (Kennedy 1994) and spectacular examples like furunculosis and G. salaris are rare.
The final concern is the potential for genetic interchange in parasites from previously isolated host populations. This has been clearly demonstrated in the case of plasmid exchange between Vibrio and Aeromonas species and could have major effects for genetic change in these organisms. Introduced fish may also form a highly susceptible resource for the multiplication of native parasites normally found on other fishes. For example, brown trout are relatively resistant to the monogenean Discocotyle sagittata. Introduction of susceptible rainbow trout to the Isle of Man has led to the development of much larger parasite populations among which genetic exchange can occur freely, with the potential to generate more pathogenic strains (Gannicott and Tinsley 1997) .
Selective breeding and disease resistance
Selection of commercial stocks is generally based on high growth rate and late maturation, little attention being paid to disease resistance. Selective breeding for disease resistance (furunculosis and ISA) has been incorporated into the Norwegian breeding programme for salmon only since the early 1990s (Fjalestad 1994 ) but has identified a genetic component to resistance to Vibrio species, BKD and IPN (T. Refsti, Institute of Aquaculture Research, Sunndalsøra, personal communication). Genetic variation in susceptibility to Gyrodactylus is also well known (Madhavi and Anderson 1985; Bakke et al. 1990; Leberg and Vriejenhoek 1994; personal observations) . The evidence that hosts are heterogeneous in their capacity to develop and express protective responses and that this variation is genetically determined and therefore subject to evolutionary change has important implications concerning epidemiology and as a basis for the development of predictive models for practical disease control (Wakelin 1994) . Because fishes with an inappropriate spectrum of disease responses will be rapidly eliminated from the population (see section 2.1), natural populations are optimally selected for resistance to the particular pathogens encountered in their environment. This results in particular allele frequencies for major histocompatibility complex (MHC) polymorphisms, conferring resistance to specific pathogens (Kronenburg et al. 1994) . Reintroduction of parr into rivers usually involves fishes, which, while they may be of the same overall genetic background as their parents, have not been selected for disease resistance and their MHC alleles are not normally tested (Dixon et al. 1995) . These introductions are usually to replace fishes lost to G. salaris or to rotenone treatment (Mo 1994) and may significantly alter the spectrum of MHC alleles present in the natural population. If no account is taken of MHC diversity when restocking, then at best the onset of evolved disease resistance in the managed population could be delayed, while at worst the disease problem could be greatly exacerbated. Similar considerations must apply to escapees and if the scale of escapes is as reported (Johnsen and Jensen 1994) then dilution of resistant MHC genotypes (especially if genetic drift in small breeding populations occurs) may be a major problem. Probes for salmon MHC genes are available (Grimholdt et al. 1993 ) and it would be of great interest to compare MHC diversity in salmon populations exposed to different patterns of disease, restocking, and interbreeding with escapees.
Management of wild populations
Stresses due to handling or transport elevate blood cortisol (Pickering 1987) , predisposing fishes to disease (section 7.3). Restocking may also influence the establishment of the dominance hierarchy (Kalleberg 1958; Symons 1971) , which could in turn modify disease patterns. Restocking programmes may therefore end as experiments in pathogen culture. The addition of smolts, rather than parr, has the additional disadvantage that exposure to pathogens at the start of the life cycle does not occur, preventing the development of immunity, which may be needed later in life.
Salmon farming and disease patterns in wild populations
Salmonid farms can have profound effects on the abundance of parasite dispersal stages around them. Poynton (1986) found that Hexamita were much more abundant downstream of farm outflows than upstream, with associated risks for the wild and managed salmonids of the river. Marine pens in fjords have the greatest potential for this interchange of parasites and pathogens with wild fishes, because they span the migration routes of fishes into and out of the freshwater environment. The complexities surrounding this problem are highlighted by Costelloe et al. (1998) , mapping the distribution of sea louse larvae within an estuary utilized by wild salmonids. In this case, high larval densities downstream of the salmon farm could be clearly demonstrated, but other high densities of larvae also existed within the estuary, up to 10 km from the farm. These "hot spots" of larval distribution were probably not derived from farmed fishes but from heavily infected salmonids returning to the river to breed (Costelloe et al. 1998 ). The relative importance for wild fish of larvae from farmed fish will clearly depend greatly upon the particular hydrographic regime of the river concerned.
Marine pens also have other deleterious effects favoring disease outbreaks. The buildup of waste material (Ackefors and Enell 1994) can lead to sediment enrichment (Johnsen et al.1993 ) and anoxia (Black et al. 1996) , possibly leading to changes in the underlying invertebrate communities. In particular, sediment enrichment and anoxia promote colonization by tubificid worms (Gray 1979; Brinkhurst 1982) , which are now known to be intermediate hosts for myxozoans. The high density of farmed salmon in sea cages greatly increases the risk of traumatic skin injury and the spread of pathogens such as fish lice, Trichodina sp., Ichthyobodo, and Spironucleus, which may possibly disperse to passing wild fishes . The exchange of plasmids by bacteria in the environment under marine pens has been mentioned previously (section 4.2.1) but should now become less of a problem as antibiotic use is reduced. In all cases, the concern should mainly be for the effect of pathogens from marine pens on smolts passing through the environment, since these fish live for several years and cannot be tracked adequately in the sea.
The epidemiology of salmonid diseases is still in its infancy. New pathogens are still being discovered and we speculate here on the groups most likely to cause problems in the future and those which may be particularly important for wild and managed salmon stocks.
Gyrodactylus salaris remains a significant concern for eastern Atlantic salmon stocks, particularly the possibility that it may be introduced to the U.K., Ireland, or Iceland. Population models (Clers 1993) suggest an effect on salmon population dynamics, a prediction borne out by Norwegian fishery statistics (Johnsen and Jensen 1988) , although other parasites, particularly furunculosis (Johnsen and Jensen 1994) , may complicate the Norwegian situation. Much remains enigmatic about G. salaris, in particular its patchy distribution as a pathogen (Johnsen and Jensen 1992) , interspersed with rivers in which it is less pathogenic (Appleby 1996; Jansen 1994). The discovery of pathogenic populations in the Swedish west coast, where there is no history of introduction , susceptible Baltic stocks (Bakke et al. unpublished data) , and relatively resistant Norwegian stocks (Jansen and Bakke 1993a; Appleby 1996) has confused the original suggestion that G. salaris was introduced to Norway recently (cf. Halvorsen and Hartvigsen 1989) . Careful modeling studies are needed to assess the epidemiological constraints on pathogenicity in G. salaris, preferably integrating the considerable data on gyrodactylid epidemiology (Scott and Anderson 1984; Jansen 1994; Appleby 1996 ) with a sophisticated model of salmon population behavior.
A further group of pathogens that should be considered are the myxozoans. These parasites are easily disseminated before their pathogenicity has been noticed and eutrophication under salmon pens Black et al. 1996) could favor their tubificid intermediate hosts (Gray 1979; Brinkhurst 1982) . The emergence of PKX, and more recently of the unidentified myxozoan reported by Frasca et al. (1998) , indicates the potential of myxozoans as disease organisms and with so little known of the life cycles of marine species their effects upon the survival and fitness of marine phase salmon should be investigated.
Finally we would stress again the position of marine rearing pens as pathogen culture facilities at the crossroads for migrating salmonids moving between fresh and saltwater. We know nothing of the epidemiology of disease of marine salmon, beyond the fact that highly pathogenic organisms such as ISA are unlikely to have a wide distribution in nature because they would kill salmon before they had dispersed. The possibility of organisms such as this colonizing smolts on migration and then having a significant impact on marine salmon stocks should be treated very seriously.
Preparing this review has made it very clear that the study of disease in wild salmon populations is in its infancy. In particular, while veterinary viewpoints are well represented in the literature, an ecological focus on salmonid disease is almost entirely lacking. Only two papers, both theoretical, deal with the demographic consequences of disease for salmonids: that of Clers (1993) , exploring the potential impact of G. salaris on wild salmon, and the work of Levy and Wood (1992) , who inferred the existence of a pathogen within pacific salmon populations from the observed population cycles. Detailed field observations, comparable to those of Costelloe and coworkers (Costelloe et al. 1996 (Costelloe et al. , 1998 on the dispersal of infective sea lice larvae within and between host metapopulations, are almost entirely lacking for the majority of pathogens, including the important Gyrodactylus salaris. Management decisions, for example restocking after depletion of a natural population by G. salaris, are not being informed by consideration of their likely epidemiological consequences, although an adequate theoretical framework for this has been published (Anderson 1982) . There is a need for integration of general epidemiological theory (Anderson 1982; Grenfell and Dobson 1995; Swinton et al. 1998 ) into the sphere of salmonid biology and management. At the same time, much more research into the diseases of wild salmonid populations, not only during conspicuous and costly epidemics, is desirable. We are particularly lacking in data on the role of disease in early life cycle stages (fry and parr) and on events during the marine phase and positive efforts must be made to target these life cycle stages rather than the well-studied and demographically less important adult returners. Apart from field studies of the role of disease in natural salmon populations, there should also be attempts to integrate the findings of such studies into quantitative models of salmon population behavior (e.g., that of Korman et al. 1994) to gain an insight into the possible role of pathogens and parasites in controlling salmonid abundance and growth. Given the very large number of salmon pathogens and parasites known and given that spectacular epidemic diseases (e.g., furunculosis) occur, it is almost inconceivable that endemic disease does not play a part in salmon ecology. Our success in managing, conserving, and ultimately reintroducing Atlantic salmon throughout its former range will ultimately depend in large part on our success in understanding these disease processes. Ackefors, H., and Enell, M. 1983 
